microwave scattering model has been developed for layered vegetation based on an iteratlve solution of the radiative transfer equation up to the second order to account for multiple scattering within the canopy and between the ground and the canopy'. The model is designed to operate over a wide frequency range for both deciduous and coniferous forest and to account for th_ branch size distribution, leaf orientation distribution, and branch orientation distribution for each size. The canopy is modeled as a two-layered medium above a rough interface. The upper layer is the crown containing leaves, stems, and branches. The lower layer is the trunk region modeled as randomly positioned cylinders with a preferred orientation distribution above an irregular soil surface. Comparisons of this model with measurements from deciduous and coniferous forests show good agreements at several frequencies for both ilke and cross polarizations. Major features of the model needed to realize the agreement include allowance for (1) branch size distribution, (2) second-order effects, and (3) tree component models valid over a wide range of frequencies.
These models may be divided into two categories: i) phenomenological models and ii) physical models. [23] have been used to study electromagnetic interaction with discrete media. The first-order Born and renormalization methods have been applied to study wave scattering from continuous media [24] .
Most of the exist[ng scattering models are restricted by assumptions regarding the shape of the scatterers [15]- [21] or the applicable frequency [9] , [17] . Some models account only for leaves but not branches or vice versa [16]-[21] and others treat branches and soil surfaces but not leaves [18] . In all these models the scatterers were embedded in one layer above the soil interface or a half space medium.
Recently, a two-layer phenomenologicaI model has been proposed by Richard et aL [1987] for a coniferous forested canopy at L-band [11] . In this model the foliage is represetated by a cloud of water droplets and the trunk-ground interaction is modeled by dihedral corner reflectors. To avoid issues of tractability and complexity, the individual scattering mechanisms within the forested canopy were modeled separately utilizing empirical or analytical description as appropriate.
scattering amplitude is accurate. Under low frequency approximations this theorem can only provide the loss due to absorption [25] . Hence, scattering loss is not included.
5.
The physical optics approach is used to calculate scattering from a leaf. Thus, only leaves larger than a wavelength are considered.
In view of the current status in forest scattering models, there is room for further generalization.
The aim of the present study is to develop a scattering model with a wider range of applicability than those available in the literature. In scattering term due to the crown layer is also given.
As a test for the present model comparisons are made between the measured and the predicted values of the backscattering coefficients from both walnut and cypress trees [4] , [26] .
Two of the authors, Lang and Chauhan have parlicipated in the collection of the walnut tree geometry and ground truth [26] . (1) zero order,
(2) crown scattering, (3) crown-ground interaclion, (4) trunk scattering,
uunk-ground inter_clion.
The cypress tree ground truth is available in tl_e literature [4] .
Hence, arbitrary choices of most of the model parameters are avoided.
II. FOREST SCATI'ERING MODEL DESCRIPTION
The geometry of the scattering problem is given in for such cylinders can be obtained by estimating the inner field by that of corresponding infinite cylinder [18] . The validity of this approach for calculating the branch scattering matrix was verified experimentally for branches having length to diameter ratio greater than 5 [27] , [28] . The extinction coefficient for the branch model is obtained via the forward scattering theorem since the model does not use low frequency approximation [18] . The deciduous leaves are modeled as randomly oriented circular discs. The coniferous leaves and the stems are modeled as randomly oriented needles. The scattering matrix for a needle or a disc is obtained by applying the Generalized Rayleigh-Gans approximation. This approximation holds for thin leaves and for leaf surface dimension smaller or comparable to the wavelength [27] . Thus, for leaves the extinction coefficients are calculated by summing both the absorption and the scattering coefficients [29] . In summary, the crown layer consists of several groups of scatterers, namely, the leaves and a few different sizes of branches. Scatterers belonging to the same group are identical in size.
Each group of scatterers within the crown layer is a collection of identical scatterers with number density n,,_(rn -3) and a probability density function Pm(a,h,e_,_) where "a"
and "2h" are the radius and length or thickness of a scatterer within the ruth group. The angles a and fl are the scatterer azimuthal and inclination angles, respectively (Fig. 2) . In this study the polar coordinates are used to describe the scatterer orientation with respect to the reference frame and the radial coordinate is parallel to the scatterer axis of symmetry. All the crown constituents are taken to be uniformly oriented in the azimuthal direction. Consequently, the probability density function for the scatterers within the ruth group reduces to ?_02_ the zero, the first, and the second-order contribution to the bistatic scattering coefficient.
the form,
Similarly, the trunk layer may also have several groups of scatterers. Each group is modeled by randomly positioned and vertically oriented identical cylinders with number density rim(m-3). Each group has its own orientation distribution function. Since a trunk can also be modeled as a dielectric cylinder, the scattering amplitude matrix is the same as the branches [18] and so is the representation for the extinction coefficient.
The K.irchhoff model under the scalar approximation is used to represent the scattering properties of the rough soil surface [2]. The surface correlation function is taken to be a Gaussian function with variance cr_ and correlation length, L.
Ill. THE BISTATIC SCATTERING

COEFFICIENTS
Consider a plane wave incident in _(Tr -0i, @i) direction with electric field polarized along (j direction,
where k is the background medium wavenumber; q = 61 or ]ti; which are the polarization unit vectors ( Fig. 3 ) defined as follows:
= sinOi(:f:cosqbl
For the incident field given in (2) and using the albedo as an iteration parameter, the bistatic scattering coefficient from the canopy in _(8,,¢o) direction can be written as [Appendix A] = (4)
In (4) v is the order of the iterative solution of the radiative transfer equation. In the following sections we will consider
A. The Zero-Order Solution (Ground Scattering)
The zero-order solution of the radiative transfer equation is due to ground scattering as illustrated in the backscattering direction by 1 in Fig. i . The bistatic scattering coefficient of the ground can be written as Within the trunk layer the extinction coefficient is
where IV2 is the group number within the trunk layer, and m,-op(Oi) is the extinction cross section for a scatterer within the ruth group. The ensemble average in (9) is defined in a way similar to the ensemble average in (8) but with density function describing the trunk orientation distribution.
The backscattering coefficient associated with ground scattering can be obtained from (5) by letting 0, = 0i and $_, = ¢i + _', i.e., ._ = -_.
B. First-Order Solution (Crown and Trunk Scattering)
The first-order solution of the radiative transfer equation leads to a bistatic scattering coefficient in the form alq = a,q(c) + am(c _ 9) + apq(t) + orpq(t *-* g).
(10)
The physical meaning of (13a) can be explained as follows. The quantity Ql,,q(rr-Ot,$t;rc-fi,$i) represents
The first term in (10) accounts for crown scattering, the second the scattered signal from a unit volume located at Z within term for the crown-ground interaction, and the last two terms for the trunk and the trunk-ground scattering, respectively. In the following subsections explicit expressions for those terms will be given along with the physical meaning of each term.
1) The Crown Scattering:
The bistatic coefficient of the crown is (illustrated in the backscattering direction by 2 in ig. 1): (7) and (11) we can see that the interaction between the crown constituents appears only in the loss factors and not in the scattering matrix.
2) The Crown-Ground Interaction:
The bistatic scattering coefficient due to the crown-ground interaction can be written as a sum of two separate terms:
The first term in (12) represents scattering from the crown followed by scattering from the ground while the second term is associated with scattering from the ground followed by scattering from the crown. The explicit contents of these terms are __oq For a slightly rough surface, the Coherent field is dom]fiatifig= _ and it will peak around the specular direction [2]. This allows the following approximation of the surface phase function for the coherent component, $ .
%q (f_, c_i,_c-fi, ¢i) = 4rr cos f_lt_q (f_)6(cos ft -cos fi)
where 
This above result will also hold for a_p(c --* 9) due to reciprocity.
3) Trunk Scattering:
The bistatie scattering coefficient of the trunk can be written as (illustrated in the backscattering direction by 3 in Fig. 1 
where F,,,_(_,[) is the element of the scattering amplitude matrix for a scatterer within a trunk group m ira = 1,... ,t).
The scattering mechanism in (20) is similar to that in (11) except the scattered signal from the trunk layer is modified by an attenuation factor [Llt,(O,)Llq(Oi)] due to the crown layer.
4) Trunk--Ground Interaction:
Similar to the crown-ground interaction, the trunk-ground interaction consists of two terms (illustrated in the backscattering direction by 5 in Fig. 1) _q(t ,-, g) = ,rpq(: _ g) + ,,p_(g --, t).
(21)
The first term in (21) represents scattering from the trunk followed by scattering from the ground. The second term represents scattering from the ground followed by scattering from the trunk. The explicit expressions for these two terms are scattering consists of all four Stokes parameters. The scattering process associated with each term is illustrated in Fig. 4 and their contribution to the bistatic scattering coefficient is given 
A. Deciduous and Coniferous Canopy Characteristics
In this study the walnut canopy and the cypress tfi:es are taken to represent a deciduous and a coniferous canopy "
respectively. We shall begin by describing the walnut canopy branch/stems 27.3----j 8.4 20.0---j 9.7 soil 5.00--.j 0.7 5.00--j 0.7
and its parameters and then the cypress trees.
1) The Walnut Canopy Characteristics:
The canopy consists of 6-yeavold black walnut trees [26, Sec. V, Vol I]. The trees have an average height of 4.8 m.
Their geometry data was collected in two parts. Measiirements involving branches with diameter greater than 4 cm were termed Skeleton geometry measurements and the rest higher -_ order measurements.
A group of i6 walnut trees was chosen for the canopy geometry and ground truth measurements. Their heights, width across the row, and the length down the row were measured. The skeleton branches which terminated into a successively smaller diami:ter branch were physically sampled for their length, diameter, and inclination angle for all 16 trees.
Small branches that grew along the skeleton tend to fill the interior of the canopy. Such branches with diameter less than 4 cm were sampled only for a couple of trees. The thinnest branches with diameter less than 1 cm and length less than 30 cm, were not sampled for their inclination orientations. The branches were grouped into four different groups according to their radius, and for each group an average length of the branch was computed. Beside these four branch groups, there are green stems which have an external covering of green bark and are located just below the juncture with the petioles.
For modeling purposes we will consider the stems as a group of branches. The stem group will be labeled as grottp #i among the other brarich groups. In addition, the spatial averaging for backscatter as seen by the radar was done by rotating the boom across the rows in an arc and it was not done along the tree rows. Accordingly, we believe that the ground dielectric constant should have a small average value which is taken to be 5.0 -j 0.7.
To obtain the values of the leaf and branch dielectric constant at X band (f = 9.6 GHz), the corresponding values • at L band are incorporated in Ulaby and El Rayes' dielectric i constant formula [31] to obtain the leaf and branch gravimetric -_.. moisture contents (0.55 for leaves and 0.65 for branches). "
By substituting these values for the moisture contents along with the X band frequency into Uiaby and El Rayes formula, -:we obtain the values of the dielectric constant at X band (14.9 -j 4.9 for leaves and 20. -j 9.7 for branches). Since _ the soil effect at X band is unimportant in the backscattering calculation, its dielectric constant is not estimated at X band. 2) The Cypress Tree Characteristics:
The cypress trees with the same height and nearly the same density are considered where A is the normalization factor, and n is the shape factor.
The probability density function P(/3) has its maximum value at tim, and is equal to zero at /_ equal to /_o. By adjusting the values of /_o,/_/1,fl2,/_m, and n, the probability density Tables I and II and At L band (Fig. 7) there is a good agreement between theory and measurements. The like polarized backscattering coefficients tr,.,, and O'hh have the same angular trends with O-vv _ O'hh. The cross polarization tr,_, is below the like by about 6 dB. Fig. 8 indicates that the main contribution to the like and cross backscattering coefficients is due to branch group #2. The branches within this group have no preferred orientation and their dimensions are such that their contributions to crv_, and ah_, are approximately the same.
Other canopy constituents may be small compared to the wavelength (leaves and branch group #1), or comparable to the wavelength and they are nearly vertically oriented (branch #4 and branch #5). For the small scatterers, their contribution to the like and cross polarization is lower than the noise level.
The larger scatterers have radiation pattern with maximum field values confined to the forward direction. Consequently, the scattered field is propagating toward the canopy floor, leading to the soil--canopy interaction terms. Since within the angular range considered in this section, the soil reflectivity is higher for horizontally incident wave than for vertically incident wave, the contribution of the interaction terms are higher for O'hh than a_,_,. This is the reason, why trhh > tr,.,_.
Unlike reference [14] we assume the surface to be moderately wet instead of very wet so that this interaction term is not of major importance in ahh. We made this choice because the surface truth reported in [26] indicates that the very wet condition is a special situation. Also, the a_.o and Ohh returns
2_1
are very close to each other. This can be explained if scattering for oyt, and tThh is dominated by the same branch group as we have found. However, if o',,_, is dominated by one branch group and O'hh is dominated by trunk-ground interaction as indicated in [14] , then similar level for a,_,, and O'_h must be a coincidence.
At X band, the levels of the backscattering coefficients and the relative levels between polarization components are in agreement with measurements ( Fig. 9 ). An earlier publication
[15] did not obtain an agreement at this frequency for cross polarization even though model parameters were readjusted between L band and X band. We believe this is due to several factors: (1) enough groups of branches, i.e., an adequate representation of branch size distribution,
(2) second-order effects, 
1) The Role of Surface Roughness on the Interaction Terms:
Scattering due to a rough surface is well known and can be From these figures we see that the inclusion of surface roughness leads to a reduction in the interaction terms for like polarizations (VV, HIT) near nadir incidence but an increase in the l_e and cross polarization terms a-t higher incidence angles. The angular range within which the interaction terms are higher for the rough than the plane surface varies from one polarization to another and is expected to vary also with - Fig. I4 presents the angular variation of the first-and second-order cross polarized signals (a,,h) at/., and X bands using model parameters for the walnut orchard. It is seen that the second-order term is not important at L bancI but is significant at X band. Fig. 15 shows the variation of the cross polarized signal from cypress trees as a function of frequency at 40" angle of incidence. From these figures we see that 
3) Frequency Dependence:
One merit of the curren! model is that it can be applied over a wide frequency band without changing the forest component modeling or adjusting the forest component phase matrices and extinction cross sections. Fig.   16 shows the variation of the backscattering coefficient for cypress trees as a function of the incident frequency at 40°i
ncidence. From this figure we see that for _equency lower region for the canopy. In the frequency range, 4--8 GHz, Frequency (GHz) Fig. 15 . The variation of the cross-polarizedcoefficients for cypresstrees with the frequency, calculated by using the first and second-order solution of the radiative transferequation at 40°angle of incidence (parameters as in Figs. 11 and 12 ).
is dependent on the specific sizes of its components. roughness in the canopy-soil interaction terms (3) allows many branch sizes and their orientation distributions and (4) is valid over a wide frequency range for both deciduous and coniferous vegetation.
The application of this model to walnut and cypress trees leads to the following conclusions:
1. To obtain a match between the calculated and measured values of the backscattering coefficients, the branch size distribution is important. In this paper, the branch size distribution has been discretized into four sizes. We expect that the use of only one or two average branch sizes will not be able to explain multifrequency data.
This indicates that the structure of a forest is important. polarization at X band is dominated by stems and not leaves in deciduous trees.
The contribution
of the trunk-soil interaction to the backscattering coefficients depends heavily on soil moisture and soil roughness and it is more important for aha than a,,,_ polarization. USRA/GSFC
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